Calcium-binding protein 1 (CaBP1) is a neuron-specific member of the calmodulin superfamily that regulates several Ca 2+ channels, including inositol 1,4,5-trisphosphate receptors (InsP 3 Rs). CaBP1 alone does not affect InsP 3 R activity, but it inhibits InsP 3 -evoked Ca 2+ release by slowing the rate of InsP 3 R opening. The inhibition is enhanced by Ca 2+ binding to both the InsP 3 R and CaBP1. CaBP1 binds via its C lobe to the cytosolic N-terminal region (NT; residues 1-604) of InsP 3 R1. NMR paramagnetic relaxation enhancement analysis demonstrates that a cluster of hydrophobic residues (V101, L104, and V162) within the C lobe of CaBP1 that are exposed after Ca 2+ binding interact with a complementary cluster of hydrophobic residues (L302, I364, and L393) in the β-domain of the InsP 3 -binding core. These residues are essential for CaBP1 binding to the NT and for inhibition of InsP 3 R activity by CaBP1. Docking analyses and paramagnetic relaxation enhancement structural restraints suggest that CaBP1 forms an extended tetrameric turret attached by the tetrameric NT to the cytosolic vestibule of the InsP 3 R pore. InsP 3 activates InsP 3 Rs by initiating conformational changes that lead to disruption of an intersubunit interaction between a "hot-spot" loop in the suppressor domain (residues 1-223) and the InsP 3 -binding core β-domain. Targeted cross-linking of residues that contribute to this interface show that InsP 3 attenuates cross-linking, whereas CaBP1 promotes it. We conclude that CaBP1 inhibits InsP 3 R activity by restricting the intersubunit movements that initiate gating. 
] c ) regulate many cellular events, including acute and long-term changes in neuronal activity (1) (2) (3) . Release of Ca 2+ from intracellular stores is controlled by intracellular Ca 2+ channels (4), the most common of which are inositol 1,4,5-trisphosphate receptors (InsP 3 Rs) (5, 6) . Dual regulation of InsP 3 Rs by InsP 3 and Ca 2+ facilitates regenerative Ca 2+ release (6) , generating Ca 2+ signals of remarkable versatility and spatiotemporal complexity (1, 2, 7). The sites through which Ca 2+ biphasically regulates InsP 3 Rs are unresolved (5, 8, 9) . There is, however, evidence, that proteins with EF-hand Ca 2+ -binding motifs can regulate gating of InsP 3 Rs. These include calmodulin (CaM) (10) (11) (12) , calmyrin (CIB1) (13) , and neuronal Ca 2+ sensor (NCS) proteins (2) . The latter comprise a branch of the CaM superfamily that includes NCS-1 (14) and Ca 2+ -binding protein 1 (CaBP1) (15, 16) . CaBP1-5 proteins (2, 17) have four EF hands that form pairs within the N lobe (EF1 and 2) and C lobe (EF3 and 4). The two lobes are structurally independent (18) and connected by a flexible linker (18) . Whereas all four EF hands bind Ca 2+ in CaM, EF2 in CaBP1 does not bind Ca 2+ , and EF1 has reduced selectivity for Ca 2+ over Mg 2+ . EF3 and EF4 in the C lobe of CaBP1 exhibit canonical Ca 2+ -induced conformational changes (18, 19) . Many splice variants and isoforms of CaBPs are expressed in different neurons (20) (21) (22) , and their targets include a variety of ion channels (2) . CaBP1, for example, regulates voltage-gated P/Q-type (23) and L-type Ca 2+ channels (24) and a transient receptor potential channel, TRPC5 (25) . Furthermore, the prevailing view that InsP 3 Rs open only after binding InsP 3 was challenged by evidence that CaBP1 (15) and related proteins (13) 3 Rs proved to be contentious, but it spawned further evidence that CaBP1 regulates InsP 3 Rs (14, 16, 20) .
InsP 3 Rs are large tetrameric channels (5, 6) . Their activation is initiated within the N-terminal domain (NT; residues 1-604) by binding of InsP 3 to the InsP 3 -binding core (IBC; residues 224-604) of each subunit (26) . This process leads, via rearrangement of the suppressor domain (SD; residues 1-223) (27) , to opening of an intrinsic pore (28, 29) . Despite extensive studies of CaBP1 (2) and of the many proteins that modulate InsP 3 Rs (5), little is known about the structural basis of these protein interactions with InsP 3 Rs or of CaBP1 with any ion channel. Here we combine NMR, mutagenesis, cross-linking, and functional analyses to define, at the atomic level, the interactions between CaBP1 and InsP 3 Rs.
Results
CaBP1 Inhibits InsP 3 -Evoked Ca 2+ Release. CaBP1 is found only in neurons (2), and they predominantly express InsP 3 R1. We therefore used permeabilized DT40 cells lacking endogenous InsP 3 Rs, but stably expressing rat InsP 3 R1, to assess the effects of CaBP1 on Ca 2+ release from intracellular stores. The two splice variants of CaBP1 expressed in brain (17) regulate InsP 3 Rs and Ca 2+ channels similarly (16) . Throughout this study, we used the short variant (Table S1 ) because its solubility makes it more amenable to NMR analysis. Across a range of [Ca 2+ ] c , CaBP1 alone had no effect on the Ca 2+ content of the intracellular stores of DT40-InsP 3 R1 cells (Fig. S1 A-D) . The lack of effect of Ca 2+ -CaBP1 on InsP 3 R1 was confirmed by nuclear patch-clamp analyses of single InsP 3 R1 (Fig. S1E) . These results are inconsistent with the notion that Ca 2+ -CaBP1 stimulates Ca 2+ release via InsP 3 R (15), a suggestion that has also been challenged by others, who argue that CaBP1 inhibits InsP 3 -evoked Ca 2+ release (16, 20 (Fig. 1 C and D) . Analysis of records that included only a single functional InsP 3 R established that an increase in mean channel closed time (τ c ) from 4.2 ± 0.9 ms to 46 ± 13 ms accounted for the 5.3-fold reduction in NP o in the presence of CaBP1 (Fig. S1F) . The lack of effect on τ o and γ Cs indicates that CaBP1 inhibits gating rather than blocking the InsP 3 R pore. (Fig. 1B and Fig. S2 A-D) . When only the last pair of EF hands was mutated (CaBP1 34 ), the results were similar to those obtained with CaBP1 134 (Fig. S2E) , CaBP1 binds with 10-fold lower affinity (18) , consistent with our functional analyses (Fig. 1B) . We used NMRbased approaches, including chemical shift perturbation and paramagnetic relaxation enhancement (PRE) (31) , to examine the structure of the NT-CaBP1 complex. Our PRE experiments measure distances between side-chain methyl groups in CaBP1 that are <10 Å away from nitroxide spin labels attached to specific Cys residues in the NT. The starting point was the NT in which all Cys residues were replaced by Ala (NT CL ) (Table S1) (Fig. S4A, red) and wildtype NT (Fig. S4A, blue) . We then introduced single Cys residues into strategic sites on the surface of NT CL and used them in PRE experiments. The NMR spectra of CaBP1 bound to wild-type and mutant NTs are similar, confirming that each NT mutant is folded and bound similarly to CaBP1.
Binding C methyl transverse relaxation-optimized spectroscopy (TROSY) NMR (Fig. S4A ). Binding of NT CL had large effects on the NMR resonances assigned to CaBP1 residues in the C lobe, whereas residues in the N lobe were unaffected. This finding is consistent with the NT binding via the C lobe of CaBP1 (18) . The spin label to NT CL (E20C) caused a marked decrease in NMR peak intensity for some CaBP1 residues (I124, L131, L132, V148, and L150), whereas others (L99, V136, L141, L145, and V156) were less affected (Fig. S4B) . The ratios of peak intensities in the presence and absence of spin label (I Paramagnetic /I Diamagnetic ) were taken as a measure of the distance between the methyl groups and spin label. The PRE ratios are listed for all single Cys insertions in Fig. S4C .
We used the PRE restraints and chemical shift perturbation data within HADDOCK (32) to dock the NMR structure of Ca 2+ -bound C lobe of CaBP1 (18) onto the crystal structure of the NT (29) (Fig. 2A) -CaBP1 (V101, L104, and V162) interact with clustered hydrophobic residues (L302, I364, and L393) in the IBC-β domain of InsP 3 R1 (Fig. 2A) . These residues are conserved in InsP 3 Rs but not in ryanodine receptors, consistent with evidence that CaBP1 binds to all three InsP 3 R subtypes (15, 16) but not to ryanodine receptors (16) . Exposed CaBP1 residues in EF4 (I144, M164, and M165) made contacts with H289 in the IBC-β domain, and side-chain atoms of R167 (CaBP1) were within 5 Å of conserved residues (N47 and N48) in the SD. These interactions align with evidence that CaBP1 binding to InsP 3 R is mediated by the NT (15) and with both the IBC and SD being required for high-affinity binding (16, 18) . The key hydrophobic residues in CaBP1 (V101, L104, and V162) are less exposed in the closed conformation of Ca 2+ -free CaBP1, consistent with the reduced affinity of CaBP1 for NT in the absence of Ca 2+ (18) . The importance of the hydrophobic residues within the IBC was confirmed by mutagenesis. A triple mutant of NT CL (L302S/I364S/L393S) bound InsP 3 , but not CaBP1 (Fig. S5 A-C) , confirming that InsP 3 and CaBP1 bind to distinct sites (18) . Interaction of the NT with Ca 2+ -CaBP1 via localized clusters of hydrophobic residues probably explains why mutation of single residues in CaBP1 (V101S, L104S, and V162S) massively attenuates its binding to the NT (Fig. S3 B and C) . Native InsP 3 R is a tetramer with a central ion-conducting pore (34) . Docking crystal structures of the NT (29) onto a cryo-EM structure of full-length tetrameric InsP 3 R1 (34) suggests the arrangement shown in Fig. 2B , which is similar to that proposed for ryanodine receptors (35) . Overlaying the structure of the CaBP1/ NT complex onto the tetrameric NT generates a structure in which four molecules of CaBP1 associate, via the clustered hydrophobic residues in their C lobes, with the three clustered hydrophobic residues in each of the four IBC-β domains. The latter contribute to the lining of the central cytosolic vestibule, and the four molecules of CaBP1 form a ring-like structure around it. The position of the N lobe of CaBP1 within the tetrameric complex could not be defined because NMR signals assigned to it were unaffected by the NT. Previous studies showed that CaBP1 and its isolated C lobe bind to the NT with very similar affinity (18) , consistent with an absence of contacts between the NT and N lobe. The location of the N lobe within the complex was estimated by first generating an ensemble of full-length CaBP1 structures in which the two lobes are connected by a flexible linker and are free to adopt many different relative orientations during simulated annealing. This ensemble of full-length CaBP1 structures was then docked into the NT structure (Fig. S4E) . The CaBP1 C-lobe interaction with the NT is well defined in the ensemble of docked structures (cyan in Fig.  S4E with rmsd = 0.5 Å), whereas the relative location of the N lobe in the complex is highly variable (Fig. S4E, blue) . Each structure from the ensemble was then overlaid and docked into the tetrameric NT structure. The lowest energy model (Fig. 2C) placed the N lobe above the C lobe and projecting into the cytosol away from any contact with the NT. This elongated organization of the two lobes of CaBP1 differs from their compact, hexameric arrangement in the CaBP1 crystal structure (19) .
Solution NMR has shown that, as with CaM (36) and troponin C (37), the CaBP1 N and C lobes fold independently and do not interact structurally (18) . This finding is consistent with a lack of contact between the lobes of CaBP1 when complexed with InsP 3 R (Fig. 2C) .
Functional analyses confirmed the importance of the critical residues within CaBP1. CaBP1 with mutations to the key hydrophobic residues [CaBP1(V101S/L104S) or CaBP1(V162S)] ( Fig. 2A ) had no effect on InsP 3 -evoked Ca 2+ release at any [Ca 2+ ] c examined, even when the CaBP1 concentrations were increased to 100 μM (Fig. 3A, Fig. S5D , and Table S3 ). Furthermore, the mutant CaBP1s did not affect inhibition of InsP 3 -evoked Ca 2+ release by CaBP1 (Fig. 3B and Fig. S5E ), confirming that they do not compete with CaBP1 for binding to InsP 3 Rs. Furthermore, in patch-clamp analyses of nuclear InsP 3 R, responses to InsP 3 were unaffected by CaBP1(V162S) (Fig. 3C and Fig. S1F ). These functional analyses support the proposed structure of CaBP1 bound to InsP 3 R (Fig. 2) .
CaBP1 Stabilizes Interactions Between the NTs of Tetramic InsP 3 R.
Activation of InsP 3 R is proposed to begin with InsP 3 -stimulated rearrangement of an intersubunit interface between the SD and IBC-β domain. This movement then disrupts interaction of the "hot-spot" (HS) loop (residues 165-180) of the SD with the IBC-β domain of an adjacent subunit leading to channel gating (29) (Fig.  4A) . This model predicts key interactions at the intersubunit interfaces, notably between residues within the SD (K168, L169, and R170) and IBC (T373, T374, D426, K427). We tested this prediction by inserting pairs of Cys residues into NT CL and assessing their proximity by oxidative cross-linking with copperphenanthroline (CuP). Three double Cys-substituted mutants (L169C/T373C, L169C/T374C, and K168C/K427C) were engineered as candidates for cross-linking in light of the modeled intersubunit interface (Fig. 4A) . NT CL (L169C/T373C) provided the most convincing evidence of a concentration-and timedependent formation of tetramers in the presence of CuP (Fig.  S6 A and B) . NT CL or NT CL with a single Cys insertion (L169C or T373C) or a pair of Cys that are not expected to be in proximity (A61C/A553C) did not produce tetramers (Fig. S6C) . These results confirm the proximity of L169C/T373C to the tetrameric NT interface and demonstrate the utility of CuP cross-linking for analyses of intersubunit interactions between NTs. We used NT CL (L169C/T373C) for subsequent analyses and confirmed that its InsP 3 -binding affinity was similar to that of NT CL (Fig. S6D) . InsP 3 R activation proceeds via disruption of intersubunit interactions between NT domains (29) . Our structure shows CaBP1 forming a tetrameric cap tethered to the NTs of the tetrameric InsP 3 R (Fig. 2B) . This structure suggests that CaBP1 may lock InsP 3 Rs in a closed state by restricting the usual InsP 3 -evoked disruption of intersubunit interactions. We used CuP cross-linking and NT CL (L169C/T373C) to assess this possibility. As predicted by our model, InsP 3 caused a concentration-dependent inhibition of CuP-mediated formation of cross-linked tetrameric NT CL (L169C/T373C) (Fig. 4B, Fig. S6E , and Table S4 ). The biologically inactive isomer of InsP 3 (L-InsP 3 ) had no effect on cross-linking (Fig. 4B) . In contrast, the C lobe of CaBP1, which lacks endogenous Cys, caused a concentrationdependent increase in the rate and extent of formation of crosslinked tetrameric NT CL (L169C/T373C) (Fig. 4C, Fig. S6F , and Table S4 ). Similar results were obtained with a Cys-less form of full-length CaBP1 (CaBP1 CL ) (Fig. 4C, Fig. S6F , and Table S4 ). These results demonstrate that the C lobe of CaBP1 is largely responsible for the observed effects on NT cross-linking. The CaBP1 C lobe in the absence of Ca 2+ had no effect on NT tetramer cross-linking (Fig. 4D, Fig. S6G , and Table S4 ), and neither did CaBP1(V162S), which did not bind the NT (Fig. S6H and Table S4 ). CaBP1 also partially blocked the inhibition of cross-linking by InsP 3 (Fig. 4E, Fig. S6I , and Table S4 ). These results (Fig. 4F and Table S4 ) support our suggestion that InsP 3 activates InsP 3 R by disrupting an intersubunit interface between the SD and IBC-β. We suggest that, in the presence of Ca 2+ , CaBP1 forms a tetrameric cap on the InsP 3 R that restricts these intersubunit movements and thereby stabilizes a closed state of the channel (Fig. 4G) . (Fig. S1 A-D) . CaBP1 does, however, massively reduce InsP 3 -activated InsP 3 R activity by stabilizing a closed state of the channel (Fig. 1 C and D (Fig. 1B and Table S3 ), suggesting that CaBP1 may also contribute to setting the basal sensitivity of neuronal InsP 3 Rs.
We identified hydrophobic residues within the C lobe of CaBP1 that become more exposed when CaBP1 binds Ca 2+ (V101, L104, and V162) and showed by both NMR and functional analyses that they make essential contacts with hydrophobic residues in the IBC-β domain (L302, I364, and L393) ( Fig. 2A) . Additional minor contacts between the CaBP1 C lobe and residues within the SD contribute further to high-affinity binding of CaBP1 (18) . The hydrophobic interactions between CaBP1 and the IBC are essential for CaBP1 binding and inhibition of InsP 3 R (Fig. 3 and Figs. S1F and S5 ). Docking the NT-CaBP1 complex into the structure of a full-length InsP 3 R reveals an arrangement in which tetrameric CaBP1 is anchored by its hydrophobic contacts to the underlying NT domains. CaBP1 thereby forms a ring-like structure around the cytosolic vestibule that leads to the InsP 3 R pore (Fig. 2B) . This arrangement has the Ca 2+ -binding sites of CaBP1 lining the route through which Ca 2+ passes via the InsP 3 R to the cytosol (Fig. 2 B and C) .
The InsP 3 -induced conformational change that initiates InsP 3 R activation involves rearrangement of an interface between the SD and IBC-β domain. This intrasubunit rearrangement then disrupts an interaction between subunits mediated by the HS loop of the SD (29) . This loop includes a residue (Y167 in InsP 3 R1) that is important for gating of InsP 3 Rs (38) and ryanodine receptors (39) . Our cross-linking analyses support this scheme because residues that contribute to the intersubunit interface are less readily cross-linked in the presence of InsP 3 ( Fig. 4B and Fig.  S6E ). Ca 2+ -CaBP1 has the opposite effect: It increases crosslinking (Fig. 4) and inhibits InsP 3 R gating by stabilizing a closed state of the channel (Fig. 1) . We suggest that CaBP1 counteracts the InsP 3 -induced conformational change by "clamping" the underlying InsP 3 R subunits and restricting their relative motion. We speculate that CaBP1 held loosely to neuronal InsP 3 R at resting [Ca 2+ ] c tightens its grip as Ca 2+ passing through an open InsP 3 R binds to CaBP1 to cause rapid feedback inhibition (Fig. 4G ).
Materials and Methods
Expression and Purification of CaBP1, NT, and Their Mutants. The short form of CaBP1 was used throughout. CaBP1 and its mutants were expressed and purified from Escherichia coli strain BL21(DE3) as described (40) . NT (residues 1-604) and NT CL (in which native Cys are replaced by Ala) from rat InsP 3 R1 were expressed and purified as described (29, 41) . Individual Cys residues were introduced into NT CL using the QuikChange site-directed mutagenesis kit. Sequences of all plasmids were confirmed. C-labeled CaBP1 bound to unlabeled NT CL were performed as described (43) . NMR-PRE experiments were performed on samples that contained isotopically labeled CaBP1 bound to NT CL with a single Cys insertion with or without an attached nitroxide spin label. Spin labeling was performed as described (31) . All NMR experiments were performed at 30°C on a Bruker Avance 800 MHz spectrometer equipped with triple-resonance cryoprobe and z axis gradient. NMR assignments were described (18).
Molecular Docking. Atomic coordinates for the NT (PDB ID code 3UG4) and CaBP1 C lobe (PDB ID code 2K7D) were used to generate the docked structure in Fig. 2A . For docking of full-length CaBP1 to NT (Fig. 2C) , an ensemble of structures of full-length CaBP1 (with a flexible linker between the two lobes) was generated by a simulated annealing protocol within CYANA using distance restraints derived for the CaBP1 C lobe and N lobe (PDB ID code 2K7B). All docking calculations were performed by using the HADDOCK Guru interface (http://haddock.science.uu.nl/services/HADDOCK/haddock.php) (44) . Mutagenesis data and chemical-shift perturbation data were used as inputs to define active and passive residues to generate ambiguous restraints (44) . The PRE ratios (Fig. S4C) were converted into unambiguous restraints and docking calculations were performed as described (45) . The final docked structure in Fig. 2A is the average of 148 calculated structures that converged within a single cluster (red dots in Fig. S4D ). additions of ATP (to allow Ca 2+ uptake), CaBP1, and InsP 3 as described (46) . Ca 2+ release evoked by InsP 3 is expressed as a percentage of the ATP-dependent Ca 2+ uptake. 3 H-InsP 3 binding to rat cerebellar membranes or purified NT was performed in CLM at 4°C as described (28) . Results were fitted to Hill equations.
Patch-Clamp Recording. Currents were recorded from patches excised from the outer nuclear envelope of DT40-InsP 3 R1 cells by using symmetrical cesium methanesulfonate (140 mM) as charge carrier. The composition of recording solutions and methods of analysis were otherwise as described (47) .
Cross-Linking of Cys Residues. For CuP cross-linking, a mixture of 50 mM CuSO 4 and 65 mM 1,10-phenanthroline (Sigma) was freshly prepared. Concentrations in the text refer to final CuP concentration (≥50 μM). NT CL or its mutants (75 μM) were incubated on ice with CuP in medium containing 360 mM NaCl, 20 mM Tris·HCl, pH 8.4, 2.5% (vol/vol) glycerol, and 0.2 mM Tris(2-carboxyethyl)phosphine (TCEP). Ca 2+ -free buffer was prepared by using Chelex 100 resin (Bio-Rad Laboratories). NT CL (L169C/T373C) and CaBP1 C lobe were used after dialysis in Ca 2+ -free buffer. Reactions were quenched by addition of 10 mM N-ethylmaleimide and 10 mM EDTA (final concentrations). Samples were mixed with 4× nonreducing SDS loading buffer, heated at 55°C for 15 min, and subjected to SDS/PAGE by using NuPAGE 3-8% Tris·acetate gels (Invitrogen). After Coomassie Brilliant Blue staining, band intensities of tetrameric NT were quantified by densitometry using ImageJ. For analyses of time courses, the intensity of the tetramer band at each time for the experimental condition was expressed relative to the intensity of the tetramer band at 60 min for control condition (no InsP 3 or CaBP1). These normalized intensities were fitted with a single exponential time course by using IGOR Pro-6 (WaveMetrics).
